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The endogenous cannabinoids 2-arachidonoylglycerol (2-AG)
and arachidonoyl ethanolamide (AEA or anandamide) play vital
roles during nervous system development including regulating
axonal guidance and synaptogenesis. The enzymatic degradation
of 2-AG and AEA is highly susceptible to inhibition by
organophosphate compounds in vitro. Furthermore, acute
in vivo exposure of adult animals to the agricultural insecticide
chlorpyrifos (CPS) caused moderate inhibition of both 2-AG and
AEA hydrolysis. However, the effects of repeated exposure to
lower levels of CPS, especially during development, on endocan-
nabinoid metabolism in the brain is not known. To examine this,
rat pups were orally exposed daily from postnatal days 10-16 to
either 1.0, 2.5, or 5.0 mg/kg CPS. Body weight gain was reduced
by 5.0 mg/kg on all days of treatment whereas 2.5 mg/kg reduced
the weight gain only on the last two days of treatment. At 4-h
postexposure on day 16, forebrain cholinesterase (ChE) activity
and hydrolysis of 2-AG and AEA were inhibited in a dose-related
manner, and the extent of inhibition from highest to lowest level
was AEA hydrolysis > ChE activity > 2-AG hydrolysis. The
extent of inhibition of AEA hydrolysis was approximately twice
than that of ChE activity with AEA hydrolysis being virtually
eliminated by 2.5 and 5.0 mg/kg and 1.0 mg/kg causing 40%
inhibition. The sensitivity of AEA hydrolysis, compared with
canonical targets such as ChE activity, suggests a potential
alternative developmental target for CPS. Inhibition of AEA
hydrolysis could result in accumulation of endocannabinoids,
which could alter normal endocannabinoid transmission during
brain maturation.
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The concern that exposure to organophosphate (OP) insecti-
cides is exerting greater neurotoxic effects in children as
compared with adults has led to the elimination of the
household uses of several OP insecticides, such as chlorpyrifos
(CPS) and diazinon. Even though this restriction proved to be
beneficial in urban areas (Whyatt et al., 2004), the continued
use of OP insecticides in agriculture still provides opportunities
for childhood exposure. Indeed, children living in agricultural

communities continue to be at risk of exposure to CPS as well
as other OP insecticides (Koch er al., 2002). Childhood
exposure to OP insecticides has been shown to have lasting
negative impacts including decreased cognitive abilities and
motor skills (Ruckart er al., 2004). Specifically, children
exposed to CPS exhibit increased manifestation of attention
disorder and attention-deficit/hyperactivity disorder problems
(Rauh et al., 2006).

As for most compounds in the OP insecticide family, the
neurotoxic action of CPS in pests is caused by the inhibition of
acetylcholinesterase (ChE; acetylcholine hydrolase, EC
3.1.1.7), a serine esterase that degrades the widely distributed
neurotransmitter acetylcholine (ACh). Significant inhibition of
ChE activity leads to hyperactivity of the cholinergic system,
which leads to disruption of normal physiological functioning.
In juvenile animals and humans, the nervous system is in the
process of maturing and establishing the correct pathways and
synapses. Therefore, it is logical to assume that exposure to
a neurotoxicant could impact the nervous system at a time
when neurological pathways are being established, thus
delaying mental development. However, neurochemical and
behavioral aberrations have been observed at the levels of OP
exposure that induce only minimal amounts of ChE inhibition
and little hyperactivity in the cholinergic system (Levin et al.,
2002; Slotkin et al., 2006, 2007; Timofeeva et al., 2008a,b).
This has led to the hypothesis that the developmental
toxicological effects of OP insecticides involve a currently
unknown “noncholinergic mechanism of action.”

One potential target in the developing central nervous
system (CNS) is the endocannabinoid system. The interaction
of OP insecticides with components of the endocannabinoid
system may cause developmental toxicity. The best charac-
terized endogenous cannabinoid ligands are arachidonoyl
ethanolamide (AEA or anandamide) and 2-arachidonoylgly-
cerol (2-AG) (Devane et al., 1992; Di Marzo et al., 1994,
Mechoulam et al., 1995; Stella et al., 1997; Sugiura et al.,
1995). Both are lipid mediators that are synthesized on
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demand in an activity-dependent manner and are not stored in
vesicles due to their lipophilic nature (Di Marzo et al., 1994).
2-AG is degraded in the CNS primarily by the action of
monoacylglycerol lipase (MAGL), although other enzymes
have been reported to contribute to its hydrolysis in the CNS
(Blankman et al., 2007) and in the immune cells (Xie et al.,
2010). AEA is degraded by the action of fatty acid amide
hydrolase (FAAH), but FAAH has also been reported to
degrade 2-AG in vitro. Previous studies have reported that
acute OP treatment of adult mice results in greater levels of
inhibition of endocannabinoid hydrolysis than of ChE activity
(Quistad ez al., 2001, 2002, 2006). However, the general
conclusion of these studies was that inhibition of cannabinoid
deactivation enzymes does not play a role in the toxicity of
the OP unless it is administered at very high dose levels.
Although this may be an appropriate conclusion for adults, it
may not be so for juveniles that are exposed during time
periods when significant developmental events are occurring,
many of which are directly related to cognitive function
(Casey et al., 2008; Liston et al., 2006; Nagy et al., 2004). It
is known that the endocannabinoid system plays a pivotal role
in normal brain development (for reviews see Anavi-Goffer
and Mulder, 2009; Harkany et al., 2008), and inactivation of
the enzymes responsible for endocannabinoid degradation
could disrupt the appropriate signaling processes involved in
brain development. In a recent report, Marco er al. (2009)
reported that repeated exposure of adolescent rats to the
specific FAAH inhibitor cyclohexyl carbamic acid 3’-
carbamoyl-3-yl ester (URB597) resulted in altered levels of
cannabinoid receptors in adults. These data suggest that OP-
induced inhibition of the endocannabinoid hydrolytic
enzymes during brain development has the potential to play
a role in the developmental toxicity of these compounds. In
addition, the greater in vivo sensitivity of the endocannabinoid
metabolizing enzymes, as compared with ChE, to the
inhibition by OPs in adults suggest that at low-level exposures
to CPS, where inhibition of ChE activity is very low, there
would still be moderate inhibition of endocannabinoid
hydrolysis. Although this level of inhibition may not be
important in adult animals, as was suggested by Quistad et al.,
it could be sufficient to produce deleterious effects on
development. The goal of the current study was to initiate
investigations into this area by determining the extent of
inhibition of 2-AG and AEA hydrolysis in developing rats
after being repeatedly exposed to different dosages of CPS.

The dosages used in this study were designed to induce
inhibition of ChE activity in order to further understand
the potential risk of exposure to OP insecticides in children.
These dosages are above the oral repeated no observed effect
level (NOEL) for inhibition of brain ChE activity (0.75 mg/kg)
but below the oral repeated NOEL for signs of toxicity (4.5 mg/
kg) for postnatal rats as reported by Zheng et al. (2000).
However, it is unclear if these dosages recapitulate the
exposure levels in children. Previous studies have used dosages
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as high as 5 mg/kg and claimed that this dosage falls within the
range of estimated fetal and neonatal exposures from
environmental exposure or home use of CPS (Aldridge ef al.,
2005c). Most likely, CPS exposure in children will occur at
levels lower than those used in this study with the exception of
situations of high levels of contamination.

MATERIALS AND METHODS

Chemicals. CPS (> 99% purity) was a generous gift from DowElanco
Chemical Company (Indianapolis, IN). All other chemicals were purchased from
Cayman Chemicals (Ann Arbor, MI) or Sigma Chemical Co. (St Louis, MO).

Animal treatment. Adult male and female Sprague Dawley rats were
obtained from Harlan Laboratories (Prattville, AL) and used for breeding. All
animals were housed in a temperature-controlled environment (22 + 2°C) with
a 12-h dark-light cycle with lights on between 0700 h and 1900 h in an
Association for Assessment and Accreditation of Laboratory Animal Care—
accredited facility. LabDiet rodent chow and tap water were freely available
during the experimentation. All procedures were approved by the Mississippi
State University Institutional Animal Care and Use Committee. Following
parturition, male and female rat pups within the same litter were assigned to
different treatment groups. Only one pup representing each of the four
treatments for a single sex was present in a single litter. Thus, there was always
a representative control animal of the same sex present in each litter for the
three CPS-treated animals. For this project, rats from six litters were used and
each litter had an average of 6.33 + 0.42 females and 7.00 + 0.86 males. From
two of these litters, both the males and females of the same litter were used. The
remainder of the pups in the litter were used for other studies.

CPS was dissolved in corn oil and administered by oral gavage (per os)
every day from postnatal day 10 (PND10) through PND16 (the day of birth was
considered as PNDO). The dosages selected were 1, 2.5, and 5 mg/kg. The latter
dosage (5 mg/kg) was previously used in other developmental studies involving
CPS (Aldridge et al., 2004, 2005b,c; Auman et al., 2000; Dam et al., 1999,
2000, 2003; Meyer et al., 2004a,b, 2005; Slotkin and Seidler, 2007). Oral
gavage was performed using a 50-ul tuberculin syringe equipped with a 1-inch
24-gauge straight intubation needle (Popper and Sons, Inc., New Hyde Park,
NY) to deliver the solution to the back of the throat.

Rat pups were sacrificed on PND16 at 4 h after the last exposure to CPS,
a time utilized in our previous studies (Betancourt et al., 2007; Carr and Nail,
2011) and the one that exhibits peak blood CPS levels in PND12 and PND17
rats, as reported by Timchalk er al. (2006). Blood was collected by trunk
bleeding to obtain serum. All brains were rapidly removed and dissected on ice to
obtain the medulla-pons and the forebrain (remainder of the brain excluding the
cerebellum), which were frozen on a stainless steel plate on top of dry ice and
maintained at —80°C until assay.

Assays. The forebrains were homogenized at 200 mg tissue weight/ml of
cold 0.05 M Tris-HCI buffer containing 0.2mM EDTA (pH 7.4 at 37°C) in
a glass mortar using a Wheaton motorized tissue grinder and a Teflon pestle.
For determination of ChE activity, an aliquot was diluted in cold 0.05 M Tris-
HCI buffer (pH 7.4 at 37°C) to 40 mg tissue/ml. The medulla-pons was
homogenized at 40 mg tissue/ml in assay buffer. Forebrain and medulla-pons
(1 mg tissue/ml final concentration) and serum (12.5 pl serum/ml final
concentration) were diluted in assay buffer. The activity of ChE was measured
spectrophotometrically using a modification (Chambers et al., 1988) of Ellman
et al. (1961) with acetylthiocholine as the substrate (ImM final concentration)
and 5,5’ -dithiobis(nitrobenzoic acid) as the chromogen.

For the forebrain samples, an additional 1.0 ml aliquot of the 200 mg/ml
homogenate was centrifuged at 1500 X g for 10 min to obtain a supernatant,
which was diluted threefold for determination of AEA and 2-AG hydrolysis
rates. AEA and 2-AG hydrolysis in the forebrain (2.667 mg tissue/ml final
concentration) were determined by incubation with substrate (either 50uM
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AEA or 2-AG, respectively) for 10 min at 37°C. The reaction was terminated
by the addition of four volumes of cold acetonitrile containing 2.5uM of
internal standard (arachidonic acid-d8). Samples were placed in ice for 10 min
and centrifuged at 21,000 X g for 10 min to obtain the supernatant. The amount
of arachidonic acid formed was determined by liquid chromatography-mass
spectrometry (Xie et al., 2010). Tissue blanks (no substrate) were included for
each sample to correct for endogenous arachidonic acid amounts. For inhibition
experiments involving the specific MAGL inhibitor JZL184, control forebrain
homogenates were preincubated with increasing concentrations of JZL184 for
30 min at 37°C.

Protein concentrations of tissue extracts were quantified with the Folin
phenol reagent using bovine serum albumin as a standard (Lowry et al., 1951).
Specific activities were calculated as nmol (ChE) or pmol (AEA and 2-AG
hydrolysis) product produced min~' mg protein~' (n = 8).

To verify inhibition of AEA hydrolysis, a serine hydrolase activity—based
probe (Kidd et al., 2001), fluorophosphonate (FP)-biotin, was used to measure
native serine hydrolase activity in male and female forebrains. Forebrains were
homogenized in 0.1 M Tris-HCI (pH 7.5) containing 1mM EDTA. After a 1000
X g spin (15 min, 4°C), the supernatant was removed and a membrane fraction
was produced by ultracentrifugation (100,000 X g; 60 min, 4°C). The
membranes were resuspended in Tris-acetate (pH 7.4) buffer containing 20%
(vol/vol) glycerol, and protein concentrations were determined using the
bicinchoninic acid reagent (Pierce, Rockford, IL). Brain membranes were
suspended in 0.05 M Tris-HCI (pH 8.0) buffer (1 mg protein/ml final
concentration) and incubated with FP-biotin (4uM final concentration) for 60
min at room temperature. FP-biotin was added to reactions from a dimethyl
sulfoxide (DMSO) stock (final DMSO amount in reactions, 2% vol/vol).
Activity-based probe reactions were terminated by adding 10 pl of 6X SDS
polyacrylamide gel electrophoresis (PAGE) loading buffer (reducing) and
heated at 95°C (5 min). Samples were cooled and immediately loaded onto
a 10% SDS-PAGE gel. Following electrophoresis, separated proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane. After blocking with
3% (wt/v) nonfat milk, the membrane was probed with avidin-horseradish
peroxidase (Sigma; 1:3000 vol/vol) for 60 min at room temperature. The
membrane was then washed 4X (~5-10 min each) with Tween buffer, and the
enhanced chemiluminescent substrate (Pierce) was added for 5 min. The
chemiluminescent signals on the membrane were captured on x-ray film.
Negative control reactions consisted of proteomes that were heat denatured
before treatment with FP-biotin; thus, inactivating the enzymes and preventing
the reaction of serine hydrolases with the probe.

For Western blot analysis of MAGL, rat forebrain membrane proteins were
separated by SDS-PAGE. Following electrophoretic transfer of proteins, PVDF
membranes were probed with rabbit anti-MAGL (Cayman Chemicals, Ann
Arbor, MI) for 1 h at room temperature. PVDF membranes were washed,
followed by incubation with goat antirabbit secondary antibody conjugated to
HRP (1:20,000 vol/vol). The chemiluminescent signal was recorded using
X-OMAT photographic film (Eastman Kodak Co., Rochester, NY). PVDF
were also probed with rabbit anti-B-actin (Santa Cruz Biotechnology, Santa
Cruz, CA) to verify equal protein loading on gels.

Statistical Analysis. The sphericity of the body weight data was initially
tested by ANOVA using the general linear model with a repeated measures
paradigm and was found to violate the assumption of sphericity. Therefore,
subsequent analysis by ANOVA using the mixed model (Littell e7 al., 1996)
was conducted with a repeat measures paradigm with a Huynh-Feldt covariance
structure (Huynh and Feldt, 1970), followed by separation of means using least
significant difference (LSD). The analysis identified differences in the main
effects (sex and treatment) and all possible interactions. Enzyme-specific
activities were analyzed by ANOVA using the Mixed procedure to determine
significant sex, treatment, and sex X treatment interactions. All analyses
included litter and sex X treatment X litter as random effects. There were no
differences between sex and sex X treatment interactions with weight, weight
gain, or enzyme activity data. Thus, males and females were pooled for
subsequent analysis and mean separation was performed by LSD. The criterion
for significance was set at p < 0.05.
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RESULTS

No signs of overt toxicity or cholinergic hyperstimulation,
such as lacrimation, diarrhea, or tremors, were observed
following CPS exposure. With respect to body weight, there
were no significant differences between controls and any
treatment group on any day (Fig. 1A). However, when weight
gain was compared between groups, the high dosage resulted in
significantly less weight gain at all time points, whereas the
medium dosage resulted in significantly less weight gain on the
last to days of treatment (Fig. 1B). The lowest dosage did not
result in any effect on weight gain.

With respect to ChE activity levels, repeated exposure to CPS
significantly decreased the specific activities of forebrain ChE
(F(3,24) = 11515, p< 00001), medulla—pons ChE (F(3,24) = 551,
p < 0.0085), and serum ChE (Fz,4) = 72.15, p < 0.0001) in
a dose-related manner (Figs. 2A—C, respectively). The level of
inhibition of serum and forebrain ChE activity following exposure
to the highest dosage of CPS was similar to that previously
reported (Carr and Nail, 2011). The level of inhibition of ChE
activity in serum was slightly greater than that in brain with 32,
48, and 54% at the low, medium, and high dosages, respectively.
The level of inhibition of ChE activity was similar in the forebrain
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FIG. 1. Plots of (A) body weight and (B) weight gain of rat pups exposed

daily from postnatal day 10 through 16 to either corn oil (control) or 1.0, 2.5, or
5.0 mg/kg CPS. Values are expressed as weight + SE (n = 8). Values
significantly different from their respective control (p < 0.05) are indicated
with an asterisk.
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FIG. 2. Specific activity of ChE in the (A) forebrain, (B) medulla-pons,
and (C) serum of rat pups exposed daily from postnatal day 10 through 16 to
either corn oil (control) or 1.0, 2.5, or 5.0 mg/kg CPS. Values are expressed as
nmol product min~' mg protein~' + SE (n = 8). Percent inhibition for each
treatment group as compared with its respective control is presented in the oval
overlaying the corresponding bar. Bars indicated with an asterisk are
statistically significant (p < 0.05) from control.

and medulla-pons with 18-19%, 38-41%, and 52-55% at the
low, medium, and high dosages, respectively. Therefore, in future
studies that may involve measuring other non—ChE-related
parameters in the forebrain, the level of inhibition of ChE activity
in the medulla, but not serum, can be used to estimate the level of
inhibition of ChE activity in the forebrain.

With respect to endocannabinoid hydrolysis, repeated exposure
to CPS significantly decreased the amount of 2-AG hydrolysis
(F(3!24) = 3458, p < 00001) and AEA hydrolysis (F(3,24) =
100.51, p < 0.0001) in the forebrain of all treatment groups
(Figs. 3A and B, respectively). Forebrain 2-AG hydrolysis was
decreased in a dose-related manner, but the extent of inhibition
observed at each dosage (14, 22, and 37%) was less than that of
matching forebrain ChE. In contrast, the hydrolysis of AEA was
almost completely eliminated by the medium and high dosages,
with inhibition greater than 93%. The extent of inhibition of AEA
hydrolysis induced by the lowest dosage (40%) was much greater
than that observed for forebrain ChE.

To further verify the inhibition of endocannabinoid hydro-
lysis induced by CPS exposure, serine hydrolase activity
profiling using FP-biotin was performed on forebrain mem-
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FIG. 3. Specific activity of (A) 2-AG hydrolysis and (B) AEA hydrolysis
in the forebrain of rat pups exposed daily from postnatal day 10 through 16 to
either corn oil (control) or 1.0, 2.5, or 5.0 mg/kg CPS. Values are expressed as
pmol product min~' mg protein~' + SE (n = 8). Percent inhibition for each
treatment group as compared with its respective control is presented in the oval
overlaying the corresponding bar. Bars indicated with an asterisk are
statistically significant (p < 0.05) from control.

brane fractions. A time course (0-60 min) verifying the
incubation parameters for determination of FP-biotin activity
using adult male rat brain is presented in Figure 4A. Five major
serine hydrolases were detected including FAAH and MAGL.
In the membranes of the CPS-treated male and female juvenile
rats, the pattern of inhibition of FAAH corresponded to that
observed in the AEA hydrolysis activity assays with total
elimination of FAAH activity by the medium and high dosages
of CPS and significant reduction of FAAH activity by the
lowest dosage of CPS (Fig. 4B). In addition, CPS exposure
reduced the activity of KIAA1363, a hydrolase known to
be sensitive to inhibition following CPS (Nomura et al., 2005;
Nomura and Casida, 2011), in a dose-related manner.
Furthermore, ABHD12, which has been shown to hydrolyze
2-AG (Blankman et al., 2007), did not appear to be inhibited
by CPS. However, the level of MAGL activity was barely
detectable in the juvenile animals by serine hydrolase activity
profiling. This raised the question regarding how much MAGL
activity is present in juvenile brains and its contribution to 2-
AG hydrolysis activity.

First, to verify the presence of MAGL protein in juvenile
brains, the microsomal and cytosolic fractions of control juvenile
brains were probed with either anti-MAGL or anti-B-actin
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FIG. 4. Serine hydrolase activity and Western blot profiling of rat brain.
(A) Time course (0—60 min) of FP-biotin labeling of adult male rat brain
membrane. Recombinant human MAGL was treated with FP-biotin for 60 min.
(B) Representative gel using the FP-biotin activity probe to verify the inhibition
of FAAH in the forebrain of male and female rat pups exposed daily from
postnatal day 10 through 16 to either corn oil (control; lane 1) or 1.0, 2.5, or 5.0
mg/kg (CPS; lanes 2—4). Numbers to the left of the gel indicate molecular
weight markers. The asterisks indicate proteins that appear to be endogenously
biotinylated; they also appear in samples not treated with FP-biotin (data not
shown). (C) Western analysis of juvenile and adult brain extracts probed with
either anti-MAGL or anti-B-actin. Juvenile brain subcellular fractions, 25 mg
protein loaded per lane; adult brain homogenate, 8, 17, and 25 mg protein
loaded per lane. AM, adult male; C, cytosol; H, whole-brain homogenate; JF,
juvenile female; JM, juvenile male; M, membranes.

antibodies by Western blot analysis and compared with adult
animals. Although lower than adult levels, MAGL protein was
detectable in the microsomal fraction of the juvenile brain with
none detected in the cytosolic fraction (Fig. 4C), which is
consistent with its subcellular location.

Second, to determine the quantitative contribution of MAGL
to 2-AG hydrolysis, control juvenile rat brain (male and
female) homogenates were titrated with increasing concen-
trations of the specific MAGL inhibitor JZL184 (Fig. 5A).
Maximal inhibition of MAGL activity was observed at
concentrations of > 10uM JZL184. Using 10uM JZL184, it

CARR, BORAZJANI, AND ROSS

A ® Female Rat Brain

100 € Male Rat Brain
2
=
S S 80
2=
(72}
> Q
§ 8 60
- ©
Z8 40
Q
<
N 20 -

0 T T T T v
0 20 40 60 80 100
JZL184, uM

120
> B
s 100 -
T =
TS 10uM JZL184
D= 80 A E——
25
23 * *
€5 0
o 4
N L
(O]
< 40 -
N

20 1 54.9%)  (55.2%
0 ;
Control Male Female
FIG. 5. Inhibition of 2-AG hydrolysis by the specific MAGL inhibitor

JZ1.184 in control male and female juvenile rat brain homogenates. (A)
Representative inhibition curve obtained by preincubating homogenates with
increasing concentrations of JZL184. (B) Inhibition of 2-AG hydrolysis in
homogenates preincubated with 10uM JZL184 (n = 4). Blank reactions (no 2-
AG or inhibitor) or nonenzymatic reactions (2-AG in buffer only) were also
used to assay the background levels of arachidonic acid in brain homogenate
and nonenzymatic 2-AG hydrolysis rate.

was determined that MAGL activity contributes about 45% of
the observed 2-AG hydrolysis activity in control male and
female juvenile rat brain (Fig. 5B). The remaining hydrolysis is
performed by another enzyme, potentially ABHD6 and/or
ABHD12 (Blankman et al., 2007).

DISCUSSION

With regard to the hypothesis that the adverse developmental
effects of OP insecticides involves a currently unknown
“noncholinergic mechanism of action,” we report here that
repeated exposures of juvenile rats to low dosages of CPS
caused marked dose-dependent inhibition of AEA hydrolysis.
AEA hydrolysis appears to be a much more sensitive target for
CPS-mediated inhibition than ChE activity. In contrast, the
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sensitivity of 2-AG hydrolysis appears to be equal to or slightly
less than the sensitivity of ChE activity. The identification of
a developmental toxicological target for CPS that is more
sensitive than the traditional toxicological target (ChE) is
significant. Contributing to this significance is the role of AEA
hydrolysis in the appropriate functioning of the endocannabi-
noid system and the importance of that system in normal brain
development (Anavi-Goffer and Mulder, 2009; Harkany et al.,
2008).

With respect to the observed decrease in weight gain,
increasing evidence has suggested that the endocannabinoid
system regulates appetite, food intake, and body weight
(Bermudez-Silva et al., 2010; Matias and Di Marzo, 2007).
As first reported by Colombo et al. (1998) and subsequently
by others, antagonism of the CB1 receptor results in weight
loss. It has also been demonstrated that daily exposure of
adult mice to the MAGL inhibitor JZL184 for 6 days results
in the desensitization and functional antagonism of CBI1
receptors (Schlosburg et al., 2010). Thus, it is possible that
the inhibition of MAGL and/or FAAH induced by our 7-day
exposure to the higher dosage of CPS could have been
sufficient to result in a similar desensitization and functional
antagonism of the CB1 receptors, thus leading to the
observed decreased weight gain similar to what would be
observed with CB1 antagonism.

The developmental neurotoxicity literature contains many
studies demonstrating that OPs exert untoward effects during
critical periods of brain maturation, including altered de-
velopment of multiple neurotransmitter systems such as
cholinergic, catecholaminergic, and seratonergic neurons
(Aldridge et al., 2003, 2004, 2005c; Dam et al., 1999; Meyer
et al., 2004a, 2005; Raines et al., 2001; Richardson and
Chambers, 2005; Slotkin et al., 2001, 2002). Furthermore,
a large number of studies have reported that developmental
exposure to exogenous cannabinoids can also affect de-
velopment of multiple neurotransmitter systems, including
catecholaminergic, serotonergic, GABAergic, glutamatergic,
and opioid systems (Fernandez-Ruiz et al., 2000, 2004,
Garcia-Gil et al., 1997, 1999; Hernandez et al., 2000; Kumar
et al., 1990; Molina-Holgado et al., 1996, 1997; Suarez et al.,
2004; Vela et al., 1998; Wang et al., 2006). Although these
collective studies suggested that developmental exposures to
OP insecticides or exogenous cannabinoids can impact
multiple neurotransmitter systems, there are important differ-
ences. Whereas exposure to exogenous cannabinoid receptor
agonists would exert widespread effects in the brain, exposure
to an OP insecticide, especially at low levels, would impact
mainly AEA hydrolysis and exert actions only in specific
brain regions, where AEA hydrolysis plays an important role
in endocannabinoid metabolism (Bortolato er al., 2007,
Fegley et al., 2005). With the exception of the work of
Marco et al. (2009), we could find no literature reporting the
effects of developmental inhibition of AEA hydrolysis on any
neurotransmitter system.
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Considering the large number of published reports, it is
well established that developmental exposure to exogenous
cannabinoids can have a negative impact on adult behavior. In
the past, the major focus has been on prenatal exposure that
mimics abuse of cannabis during pregnancy and how such an
exposure scenario can lead to long-term behavioral alterations
(Campolongo et al., forthcoming; Schneider, 2009). Although
less well investigated, postnatal exposure to cannabinoids can
also result in long-term behavioral alterations and that the
timing of the exposure is important (Schneider ez al., 2005).
For example, it has been suggested that the earlier the
exposure occurs in adolescence, the greater the potential for
negative effects (Harte and Dow-Edwards, 2010; Moore
et al., 2010). Although these studies demonstrated that
developmental activation of brain endocannabinoid receptors
by exogenous cannabinoid receptor agonists can cause long-
term behavioral effects, it is unknown whether developmental
exposure to a xenobiotic agent that alters the natural levels of
the endocannabinoids can cause similar adverse effects.
However, it is of interest that we, as well as others, have
previously observed that developmental exposure to CPS
results in anxiolytic behavior in adults (Aldridge et al., 2005a;
Johnson et al., 2006). It is known that the cannabinoid system
can modulate the anxiety response (Moreira and Lutz, 2008;
Taber and Hurley, 2009). In addition, exposure of adult
rodents to the FAAH inhibitor URB597 leads to anxiolytic-
like effects, and FAAH knockout mice also exhibit anxiolytic
behavior as adults (Haller er al., 2009; Kathuria er al., 2003;
Moreira et al., 2008).

With respect to 2-AG hydrolysis activity, the reported
contribution of MAGL to this activity in adult mice is ~85%
(Blankman et al., 2007). Here, we have demonstrated that the
contribution of MAGL activity to 2-AG hydrolysis is only 45%
in late preweanling rats. However, it is unclear what enzyme(s)
contributes to the remaining 55% of 2-AG hydrolysis activity,
although ABHD6 and ABHD12 are likely candidates.

In conclusion, several issues require clarification regarding
the potential for inhibition of AEA metabolism to be
a mechanistic target for developmental OP exposure. For
instance, how fast is the recovery of FAAH activity following
OP-mediated inhibition? Transient inhibition may be less likely
to exert long-lasting effects than would persistent inhibition.
Furthermore, does the inhibition of AEA hydrolysis result in
accumulation of endocannabinoids in specific brain regions
known to be associated with behaviors that are altered by
developmental OP exposure? Previous studies have reported
that the inhibition of FAAH and MAGL activity in adult mice
exposed to a single high dosage of CPS results in increased
levels of 2-AG and AEA in the brain (Nomura et al., 2008;
Nomura and Casida, 2011). However, it is not clear if a similar
situation exists in developing rats exposed to lower levels of
CPS. If accumulation of the lipid mediators occurs, does this
alter the signaling responses of the endocannabinoid system?
Although we are proposing that the inhibition of FAAH
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activity may be a potential mechanism of toxic action
following low-level OP exposure, future studies will address
the issues listed above.
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